Abstract. We previously reported an important role of RQCD1 in mammary carcinogenesis through the interaction with Grb10 interacting GYF protein 1 (GIGYF1), Grb10 interacting GYF protein 2 (GIGYF2) and growth factor receptor binding protein 10 (Grb10). In this study, we investigated the biological mechanism of RQCD1 in regulation of the Akt activity as the downstream signal of epidermal growth factor receptor (EGFR). Knockdown of RQCD1 reduced the Akt phosphorylation level that was induced by epidermal growth factor (EGF) stimulation. We found a possible formation of the big complex involved in the Akt activity including Akt, EGFR, GIGYF1 and GIGYF2, Grb10 and RQCD1. We subsequently defined that a region corresponding to 620-665th amino acids of GIGYF1 and 667-712th amino acids of GIGYF2 interacted with RQCD1. Furthermore, we found that RQCD1 was required for enhancement of the interaction of Grb10 with GIGYF1 and GIGYF2. Our findings in this study imply the functional mechanism of RQCD1 in the Akt activity regulation as a mediator in the EGFR-signaling pathway.
Introduction
Breast cancer is one of the most prevalent types of cancer with 1,151,298 new cases and 410,712 deaths according to the global statistics in 2002 (1) . Although molecular targeting drugs such as trastuzumab, lapatinib, aromatase inhibitors and tamoxifen exhibited clinical benefits in breast cancer treatment, these drugs cause severe adverse effects to some extent (2, 3) . We extensively screened breast cancer cellspecific novel molecular targets, that can be applied for drug development with the minimum risk of adverse reactions, through genome-wide cDNA microarray analysis (4, 5) , and successfully identified such molecules and characterized their biological functions (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
We have previously reported an important role of the required for cell differentiation 1 homologue (RQCD1) in mammary carcinogenesis and demonstrated that it was required for the maintenance of constitutive Akt activation in breast cancer cells (13) . RQCD1 was originally isolated as the essential molecule for meiosis initiation in fission yeast Schizosaccharomyces pombe (17) and subsequently reported its requirement in several cell differentiation systems, such as endodermal-like differentiation and lung morphogenesis, suggesting its critical roles in the early embryonic and fatal stages (18) (19) (20) (21) . Functional relationship of RQCD1 to the breast cancer cell growth was demonstrated in our previous study (13) . We found that RQCD1 interacted with Grb10 interacting GYF protein 1 (GIGYF1) and Grb10 interacting GYF protein 2 (GIGYF2), which were originally identified as interacting molecules with amino-terminal region of growth factor receptor binding protein 10 (Grb10), and were indicated to enhance the Akt activity (22) . Grb10 has been identified as an interacting molecule for tyrosine-phosphorylated carboxy-terminus region of the epidermal growth factor receptor (EGFR) (23) . Grb10 functions as an adaptor molecule for various receptor tyrosine kinases including EGFR, insulin-like growth factor-I receptor, insulin receptor, platelet-derived growth factor receptor, Met, c-Kit, Ret and ELK (24) (25) (26) (27) , and mediates activation of various cytoplasmic molecules such as Akt, phosphatidylinositol 3-kinase (PI3K) p85, Gab1, MEK and Raf-1 (27) (28) (29) (30) . In breast cancer cell lines, knockdown of RQCD1, GIGYF1, GIGYF2, or Grb10 significantly reduced the Akt activity and cell proliferation without affecting the Erk1/2 activity (13 and unpublished data), suggesting their significance in the Akt activity regulation in breast cancer cells. However, although significance of RQCD1 in the maintenance of constitutive Akt activity was indicated, detailed regulatory mechanism of constitutive Akt activation by RQCD1 overexpression in breast cancer cells was not fully elucidated.
In this study, we investigated possible roles of RQCD1 in linking epidermal growth factor (EGF) stimulation and the Akt activation using three EGF-responsive breast cancer cell lines. We demonstrate a complex formation of RQCD1 and EGFR-downstream molecules and its important role to stabilize the interaction of Grb10 with GIGYF1 and GIGYF2. These findings provide the functional mechanism of RQCD1 overexpression in the Akt activation in breast cancer cells.
Materials and methods
Cell lines. Human breast cancer cell lines MDA-MB-231, MCF-7, BT-549 and HCC1937, human cervical cancer cell line HeLa and HEK293T were purchased from American Type Culture Collection (ATCC; Rockville, MD, USA). Human breast cancer cell line HBC-5 was kindly provided by Dr Takao Yamori in Division of Molecular Pharmacology, Cancer Chemotherapy Center, Japanese Foundation for Cancer Research. MDA-MB-231 cells were cultured in Leibovitz's L-15 medium (Invitrogen, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (Cansera International, Ontario, Canada) and 1% antibiotic/antimycotic solution (Sigma-Aldrich, St. Louis, MO, USA), and maintained at 37˚C in the atmosphere of humidified air without CO 2 . MCF-7, BT-549, HCC1937 and HBC-5 cells were cultured in RPMI-1640 medium (Invitrogen), supplemented with 10% fetal bovine serum (Cansera International) and 1% antibiotic/antimycotic solution (Sigma-Aldrich), and maintained at 37˚C in the atmosphere of humidified air with 5% CO 2 . HeLa and HEK293T cells were cultured in MEM (Invitrogen) and DMEM (Invitrogen), respectively, supplemented with 10% fetal bovine serum (Cansera International) and 1% antibiotic/antimycotic solution (Sigma-Aldrich), and maintained at 37˚C in the atmosphere of humidified air with 5% CO 2 .
Antibodies. Rabbit polyclonal antibodies for Akt (no. 9272), EGFR (no. 2232) and phosphorylated EGFR (Tyr1068) (no. 2234), and mouse monoclonal antibody against phosphorylated Akt (Ser473) (no. 4051) were purchased from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclonal antibody against ß-actin (Ac-15) and FLAG-tag (M2) were purchased from Sigma-Aldrich. Rabbit polyclonal antibody against influenza hemagglutinin (HA) tag (Y-11) and mouse monoclonal antibody against glutathione-Stransferase (GST) (B-14) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal antibody against RQCD1 was previously developed in our laboratory (13) Construction of expression vectors. Mammalian expression vectors for carboxyl-terminally FLAG-tagged Akt, EGFR cytoplasmic region (His676-Ala1210), GIGYF1, GIGYF2, p85 PI3K and RQCD1 were constructed with pCAGGSn3FC. Mammalian expression vectors for carboxyl-terminally HAtagged GIGYF1, GIGYF2 and Grb10 were constructed with pCAGGSnHC. Mammalian expression vectors for aminoterminally HA-tagged partial proteins of GIGYF1 (nos. 1, 2, 3, 4 and 5) and GIGYF2 (nos. 1, 2, 3, 4 and 5) were constructed with pCAGGSnH3F. Bacterial expression vector for amino-terminally GST-tagged RQCD1 was constructed with pGEX6P.1 (GE Healthcare). Coding sequences of each of these genes were amplified from complementary DNA of HBC-5 by PCR with KOD-Plus DNA polymerase (Toyobo, Osaka, Japan). DNA sequences of each construct were confirmed by DNA sequencing by ABI3700 (Applied Biosystems, Foster, CA, USA). Primer sets used for cloning PCR are as follows: 5'-CATGAATTCATGAGCGACGTGGCTATTG-3' and 5'-CATCTCGAGGGCCGTGCCGCTGGCCGAG-3' for Akt, 5'-CATGCGGCCGCATGCACATCGTTCGGAAGCG CAC-3' and 5'-CATCTCGAGTGCTCCAATAAATTCAC TGC-3' for EGFR cytoplasmic region, 5'-CATGAATTCGA TGAATGCATCCCTGGAGAG-3' and 5'-ATGCTCGAGTA AGGCCACTCGGATGC-3' for Grb10, 5'-CATGAATTCAT GAGTGCTGAGGGGTACC-3' and 5'-CATGCGGCCGCG ATCGCCTCTGCTGTGCATA-3' for PI3K p85, 5'-GTTAA GTAGCGGCCGCTCATGGCAGCAGAGACACTCAAC-3' and 5'-CCGCTCGAGTCATATGTCCCAAAGACTGGC-3' for GIGYF1 (no. 1), 5'-GTTAAGTAGCGGCCGCTCAT GGCAGCAGAGACACTCAAC-3' and 5'-CCGCTCGAG TCATTTGAGCGCCTGGAGCTGC-3' for GIGYF1 (no. 2), 5'-GTTAAGTAGCGGCCGCTCATGGCAGCAGAGAC ACTCAAC-3' and 5'-CCGCTCGAGTCAGACCAGCTGG AGAAACTG-3' for GIGYF1 (no. 3), 5'-GTTAAGTA GCGGCCGCTCATGGCAGCAGAGACACTCAAC-3' and 5'-ATGCTCGAGTCACTCCAGATCTCCGGGTGG -3' for GIGYF1 (no. 4), 5'-CATGCGGCCGCTGATGATGAAGGC TTGAAGC-3' and 5'-CCGCTCGAGGTAGTCATCCACGC TCTC-3' for GIGYF1 (no. 5), 5'-GTTAAGTAGCGGCCGC TCATGGCAGCGGAAACGCAGAC-3' and 5'-ATGCT CGAGTCAAAGATCCCATACACTACCAC-3' for GIGYF2 (no. 1), 5'-GTTAAGTAGCGGCCGCTCATGGCAGCGGA AACGCAGAC-3' and 5'-ATGCTCGAGTCAGTTCTGAT CAGATATTCTC-3' for GIGYF2 (no. 2), 5'-GTTAAGT AGCGGCCGCTCATGGCAGCGGAAACGCAGAC-3' and 5'-ATGCTCGAGTCATTGTTGTATTAAAAACTGCTGG-3' for GIGYF2 (no. 3), 5'-GTTAAGTAGCGGCCGCTCATGG CAGCGGAAACGCAGAC-3' and 5'-ATGCTCGAGTCAA TCAGGTTCTGTGGAAACAC-3' for GIGYF2 (no. 4), and 5'-CATGCGGCCGCTGATGAAGAAGGTCTCAAAC-3' and 5'-CCGCTCGAGGTAGTCATCCAACGTCTC-3' for GIGYF2 (no. 5), respectively. Underlining indicates recognition sites by restriction enzymes. Primer sets for cloning PCR of GIGYF1, GIGYF2 and RQCD1 were as described previously (13) .
EGF stimulation experiment.
For EGF stimulation analysis, 2.5x10 5 cells of HeLa and MDA-MB-231, or 4.0x10 5 cells of MCF-7 were seeded on a 10-cm plate. Twenty-four hours after seeding, cells were transfected with siRNA targeting RQCD1 (target sequence: 5'-GATCTATCAGTGGATC AAT-3') or EGFP (target sequence: 5'-GCAGCACGACTTC TTCAAG-3') using Lipofectamine RNAiMAX (Invitrogen), as supplier's instructions. Forty-eight hours after the transfection of siRNA, cells were washed with PBS (-) and culture medium was substituted to serum-starved medium. After serum starvation for 24 h, culture medium was substituted to medium containing 50 ng/ml of EGF without FBS. Cells were harvested 5 and 10 min after EGF treatment as well as before EGF addition (0 min). For Akt activity analysis, cells were harvested with 200 μl/10 cm plate of 2X Laemmli buffer containing 100 mM Tris-HCl (pH 6.8), 2% SDS, 16% glycerol, 4% 2-mercaptoethanol, followed by sonication.
Akt activity levels were subsequently assessed by densitometric analysis of Western blot results by Image J (31). For GST pull-down assay, cells were harvested with cell lysis buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.25% sodium deoxycholate, 0.5% NP-40, 1% Protease Inhibitor Cocktail Set II (Merck, Darmstadt, Germany) and 0.1% Protease Inhibitor Cocktail Set III (Merck), and applied for GST pull-down assay.
GST pull-down assay. HeLa cells treated with 50 ng/ml EGF for 0, 5 and 10 min or HBC-5 cells cultured in serum-starved medium for 24 h were washed with ice-cold PBS (-), harvested with cell lysis buffer, and stroked 5 times with 0.6 mm gauge syringe. Cell lysates were then incubated on ice for 15 min and cleared by centrifugation at 14,000 rpm for 15 min at 4˚C. Protein concentration of each cell lysate was quantified by Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA). For pre-cleaning, 1 mg of cell lysate protein was incubated with 15 μl of glutathione sepharose 4B for 60 min at 4˚C, and the supernatant was then incubated with 20 μg of GST-RQCD1 or equivalent molecular number of GST for 120 min at 4˚C, followed by incubation with 15 μl of glutathione sepharose 4B for 60 min at 4˚C. Beads were washed three times with 500 μl of cell lysis buffer and once with 500 μl of TBS [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 1 mM EDTA]. Bead-bound proteins were eluted with 20 μl of 2X Laemmli buffer and subsequently analyzed by Western blotting. For input controls, 10 μg of cell lysate proteins were applied. For the analysis of exogenous proteins, expression vectors for FLAG-GIGYF1, FLAG-GIGYF2, HA-Grb10 and FLAG-PI3K p85 were transfected with FuGene6 (Roche, Basel, Switzerland) for 48 h prior to GST pull-down assay.
Preparation of recombinant proteins. Recombinant proteins of GST and GST-RQCD1 were prepared as described previously (13) . For the preparation of recombinant proteins of FLAG-Akt, FLAG-EGFR cytoplasmic region, FLAG-GIGYF1, Flag-GIGYF2 and HA-Grb10, HeLa cells were transfected with expression vectors for each protein. Cells were harvested with cell lysis buffer at 48 h after transfection and 15 mg of cell lysate proteins were rotated with 50 μl of sepharose 4B (Sigma-Aldrich) for 60 min at 4˚C and supernatants were further rotated with 25 μl of anti-HA or FLAG agarose (Sigma-Aldrich) for 60 min at 4˚C. Agarose beads were then washed 4 times with 5 ml of cell lysis buffer and once with 5 ml of TBS, and eluted by incubating with 500 μg/ml 3X Flag peptide or HA peptide for 60 min at 4˚C.
In vitro binding assay. In vitro binding assay was performed by incubating 0.5 μg of each recombinant protein of FLAGAkt, FLAG-EGFR cytoplasmic region, HA-Grb10, FLAG-GIGYF1 or FLAG-GIGYF2 with 1.0 μg of GST-RQCD1 or equivalent molecular number of GST in 40 μl of cell lysis buffer and rotated for 120 min at 4˚C. Each mixture of recombinant proteins was then transferred to microtubes containing 20 μl of 50% slurry of glutathione sepharose 4B (GE Healthcare) in cell lysis buffer and rotated for 60 min at 4˚C. Beads were washed twice with 500 μl of cell lysis buffer and once with 500 μl of TBS, followed by elution with 10 μl of 2X Laemmli buffer. Eluted samples were subsequently analyzed by Western blotting.
Co-immunoprecipitation assay. For co-immunoprecipitation assay, 1.0x10 6 cells of HEK293T were seeded to 10-cm plate. Twenty-four hours after seeding, cells were transfected with respective combinations of expression vectors for HAtagged and FLAG-tagged proteins with FuGene6 (Roche) as per supplier's instructions. Thirty-six hours after co-transfection, cells were harvested with 500 μl of cell lysis buffer followed by strokes with 0.6-mm gauge syringe for 5 times and kept on ice for 15 min. Cell lysate was then cleared with centrifugation at 14,000 rpm at 4˚C for 15 min and 1 mg of cell lysate protein in the supernatant was incubated with 10 μl of anti-Flag (M2) agarose (Sigma-Aldrich) or anti-HA (HA-7) agarose (Sigma-Aldrich) at 4˚C for 1 h. Agarose beads were washed three times with 500 μl of cell lysis buffer and once with 500 μl of TBS, followed by elution with 20 μl of 2X Laemmli buffer. Input cell lysates and eluted samples were subsequently analyzed by Western blotting.
Results

RQCD1 is important in the Akt activation induced by EGFR stimulation in breast cancer cells.
To evaluate the potential involvement of RQCD1 in the EGFR pathway, we first investigated knockdown effect of RQCD1 on the EGF-stimulated Akt activation that was evaluated by the phosphorylation level of Ser473 (32) (33) (34) . Although Akt phosphorylation was at the basal level in HeLa, MCF-7 and MDA-MB-231 cells, we observed high levels of Ser473 phosphorylation immediately after the EGF stimulation. However, when we treated these cells with siRNA targeting RQCD1 for 72 h prior to the EGF stimulation, the Ser473 phosphorylation of Akt by the EGF stimulation was significantly diminished, concordant to significant suppression of the endogenous RQCD1 at the protein level (Fig. 1) . On the other hand, reduction of the Akt activation was not observed when the cells were treated with control siRNA. Quantitative analysis of the Akt activity by densitometric analysis indicated 62, 72 and 48% reduction of the Akt Ser473 phosphorylation level at 5 min after EGF treatment by RQCD1 knockdown in HeLa, MCF-7 and MDA-MB-231 cells, respectively. Reduction of the Akt phosphorylation level in RQCD1-knockdown cells was still evident at 10 min after EGF treatment in these three cell lines.
We subsequently evaluated the correlation between EGFR activity and RQCD1 in three breast cancer cell lines including HBC-5, in which the RQCD1-dependent constitutive Akt activation was observed (13) . All of these cell lines expressed EGFR at a high level, and HBC-5 cells showed constitutive activation of EGFR which was confirmed by phosphorylation of Tyr1068, an EGFR autophosphorylation site induced by EGF (35) (Fig. 2A) . In HBC-5 cells, knockdown of RQCD1 did not affect EGFR autophosphorylation, but the Akt phosphorylation (P-Akt) was significantly reduced (Fig. 2B ).
RQCD1 formes a complex with EGFR downstream regulators.
As reported previously (13), RQCD1 interacted with GIGYF1, GIGYF2 and Grb10. Since RQCD1 was likely to be regulated by EGFR and interacted with Grb10, we hypothesized that RQCD1 might have the function as an adaptor molecule in the EGFR-signaling pathway. To test this possibility, we examined interaction of RQCD1 with EGFR as well as its reported downstream molecules, including Akt, GIGYF1, GIGYF2, Grb10 and p85 PI3K (22, 23, 25, 27) . In HeLa cells, when we pulled down the interacting proteins with GST-RQCD1, Akt, EGFR, GIGYF1, GIGYF2 and Grb10 were co-immunoprecipitated with RQCD1, but p85 PI3K was not (Fig. 3A) . Similar results were observed when we used HBC-5 cells, in which EGFR was constitutively activated (Fig. 3B) .
Interaction analysis of RQCD1 by in vitro binding assay.
Although GST pull-down assay using HeLa and HBC-5 cells indicated the potential complex formation of RQCD1 with various molecules related to EGF-Akt signaling pathway, the direct partner of the binding among the complex was unclear. Thus, we examined in vitro binding assay with purified recombinant proteins. Recombinant proteins of GST-RQCD1, FLAG-EGFR cytoplasmic region (His676-Ala1210), FLAGAkt, FLAG-GIGYF1, FLAG-GIGYF2 and HA-Grb10 were affinity-purified with glutathione-, anti-FLAG-, or anti-HAagarose resin. Their purity and specificity were confirmed by CBB staining and Western blotting for FLAG-, HA-, or GSTtag (Fig. 4A) . Then, we performed binding assay using these purified recombinant proteins with RQCD1 and subsequent Western blot analysis for respective epitope-tags revealed specific interaction of each purified protein with RQCD1 in vitro, suggesting RQCD1 to be a core protein for constituting this complex (Fig. 4B) .
Interacting region analysis of GIGYF1 and GIGYF2 with RQCD1. We further investigated interacting regions of GIGYF1 and GIGYF2 with RQCD1. First, expression vectors for amino-terminally HA-tagged full-length or partial proteins (nos. 1, 2, 3, 4 and 5) of GIGYF1 (Fig. 5A , upper panel) were co-transfected with FLAG-tagged RQCD1 in HEK293T cells. Subsequent immunoprecipitation for FLAGtag revealed interactions of full-length, nos. 1 and 5 GIGYF1 with RQCD1, suggesting 620-665th amino acids, commonly deleted region in nos. 2, 3 and 4 was potential interacting region between RQCD1 and GIGYF1 (Fig. 5B) . Similarly we investigated an interacting region of GIGYF2 using expression vectors for amino-terminally HA-tagged full-length and partial proteins (nos. 1, 2, 3, 4 and 5) of GIGYF2, that were deleted for homologous regions corresponding to respective GIGYF1 partial proteins (Fig. 5A, lower panel) in HEK293T cells. Then, interactions of full-length and partial proteins of GIGYF2 with FLAG-RQCD1 were analyzed by co-immunoprecipitation assay. As a result, the interaction pattern of GIGYF2 partial proteins with RQCD1 was similar to that of GIGYF1, and a region corresponding to 667-712th amino acids of GIGYF2, that was homologous to 620-665th amino acids of GIGYF1, was the potential interacting region with RQCD1 (Fig. 5C ). Interaction analysis of RQCD1 by GST pull-down assay. (A) HeLa cells were treated with 50 ng/ml of EGF for indicated times followed by GST pull-down with GST-RQCD1 or GST as a control. Pull-down products were then analyzed by Western blotting for EGFR, Akt, FLAG-tag (for FLAG-GIGYF1, FLAG-GIGYF2 and FLAG-PI3K p85), HA (HA-Grb10), or GST (GST-RQCD1 and GST). For the investigation of FLAG-GIGYF1, FLAG-GIGYF2, FLAG-PI3K p85 and HA-Grb10, each expression vector was transfected for 48 h prior to EGF treatment. A representative result of two independent experiments for each protein is indicated. (B) HBC-5 cells were cultured in serum-starved medium for 24 h followed by GST pull-down with GST-RQCD1 or GST as a control. Pull-down products were then analyzed by Western blotting. A representative result of two independent experiments for each protein is shown.
Significance of RQCD1 in the interaction of Grb10 with GIGYF1 and GIGYF2. To further investigate the role of RQCD1 in the complex formation, we examined knockdown effect of RQCD1 on the interactions between FLAG-GIGYF1 and HA-Grb10, and FLAG-GIGYF2 and HA-Grb10. Immunoprecipitation was performed using FLAG-tag antibody at 36 h after the transfection of expression vectors and 72 h after the transfection of siRNAs in HEK293T cells. As a result, we found significant reduction in the affinity in both FLAG-GIGYF1 and HA-Grb10, and FLAG-GIGYF2 and HA-Grb10 in RQCD1-knocked down cells compared with cells treated with control siRNA for EGFP (Fig. 6) , suggesting the important role of RQCD1 in the stabilization of these interactions as the adaptor.
Discussion
In this study, we examined the function of RQCD1 in the signal transduction from EGFR to Akt activation. We observed reduction of EGF-induced Akt activation by the knockdown of RQCD1 in two EGF-responsive breast cancer cell lines MCF-7 and MDA-MB-231, as well as cervical cancer cell line HeLa, indicating RQCD1 was required for Akt activation as one of key components in the EGFRsignaling pathway (Fig. 1) . We also examined possible roles of RQCD1 in the EGFR downstream activity using breast cancer cells in which Akt was constitutively activated. As a result, constitutive Akt activation in HBC-5 cells was found to be dependent on the constitutive EGFR activity as well as After the affinity purification of FLAG-GIGYF1, FLAG-GIGYF2, HA-Grb10, FLAGAkt, FLAG-EGFR cytoplasmic region (His676-Ala1210), GST-RQCD1 and GST proteins, their purity and specificity were examined by CBB staining after SDS-PAGE (left panel) and Western blotting for each epitope tag (right panel), respectively. (B) Each purified protein was incubated with GST-RQCD1 or GST, and the pull-down assay was performed with glutathione sepharose 4B. Interaction of each recombinant protein was then evaluated by Western blotting for each epitope tag. RQCD1 (Fig. 2) . On the other hand, in BT-549 and HCC-1937 cells, in which EGFR was not constitutively activated ( Fig. 2A) , we found that RQCD1 overexpression played a key role in the Akt activation (13) . Although EGFR was not constitutively activated in these cell lines, it might be possible that some other Grb10-interacting receptor tyrosine kinase is constitutively activated and its downstream activity is also regulated by RQCD1. The Akt activation mechanism in these cell lines should be investigated to further elucidate the function of RQCD1.
Interaction analysis of RQCD1 by GST pull-down assay and subsequent in vitro binding assay with purified proteins indicated potentially direct interaction of RQCD1 with EGFR, Akt, Grb10, GIGYF1 and GIGYF2 (Figs. 3 and 4) . Although PI3K p85 was reported to interact with Grb10 leading to PI3K and Akt activations downstream of insulin receptor in Rat-1 embryonic fibroblast (29) , our analysis did not show the interaction of PI3K p85 with the RQCD1 complex although interaction of RQCD1 with Grb10 was observed (Fig. 3) . Another report also indicated that Grb10 was not involved in regulation of the PI3K activity (27) . Thus, it was suggested that function of Grb10 to regulate PI3K activity could be different depending on the cell types and/or the upstream growth factor receptors. Our data imply that in the EGF-stimulated HeLa cells and in constitutively EGFR-activated HBC-5 cells, Grb10 and RQCD1 might not interact and regulate the PI3K activity (Fig. 3) . On the other hand, Akt, EGFR and Grb10 showed constitutive interaction with RQCD1 upon EGF treatment. Constitutive interaction during growth factor stimulation was also reported for the interaction between Grb10 and Akt in COS-1, Mo7e and K562 cells, and Grb10 was indicated to recruit Akt to cellular membrane to mediate Akt activation (27) . Considering similar constitutive interaction of RQCD1 with Grb10 and Akt, RQCD1 would also function in the recruitment process of Akt to EGFR, although the association and dissociation mechanism of RQCD1 remains to be elucidated. In response to EGF stimulation, GIGYF1 and GIGYF2 showed transient argumentation of their interactions with RQCD1 (Fig. 3A) , suggesting these interactions were affected by such EGF stimulation-responsive events as phosphorylation or conformational changes in EGFR downstream molecules, although further investigation is required to fully understand the regulatory mechanism of the RQCD1 complex formation.
Through interaction analysis of RQCD1 with full-length or partial proteins of GIGYF1 and GIGYF2, segments corresponding to 620-665th and 667-712th amino acids were identified as potential interacting regions on GIGYF1 and GIGYF2, respectively, with RQCD1 (Fig. 5) . Because these interacting regions were homologous to each other, it was suggested that GIGYF1 and GIGYF2 interact with RQCD1 competitively. However, GIGYF1 and GIGYF2 are likely to regulate Akt activation in a different way rather than redundantly because knockdown of either GIGYF1 or GIGYF2 decreased Akt activity (13) . It might be possible that the binding of GIGYF1 and GIGYF2 confers a different interaction property to RQCD1, regulating a dynamic alteration of complex components during signal transduction.
Overexpression of EGFR is one of clinical features of breast cancer correlating with poor prognosis (36) (37) (38) (39) (40) . Many types of molecular targeting drugs against EGFR have been developed for various cancer types including breast cancer (41) (42) (43) (44) (45) . However, despite their clinical benefits, ubiquitous expression and physiological requirement of EGFR in noncancerous tissues led to various adverse effects such as severe skin toxicities, resulting in decreased quality of life of patients and interruption or discontinuation of anti-EGFR treatment (46, 47) . However, these problems should be avoided if drugs are designed against cancer cell-specific EGFR downstream regulators instead of EGFR itself. Considering its importance in the downstream activation of EGFR, breast cancer cell proliferation, and specific expression pattern in breast cancer cells, RQCD1 could be an appropriate molecular target against EGFR pathway in a breast cancer cell-specific manner. Thus, although further functional mechanism of RQCD1 ought to be elucidated, findings in this study indicate the importance of RQCD1 in EGFR downstream activation, providing the possibility to interfere with oncogenic EGFR pathway specifically in breast cancer cells.
